This Resource Letter lists undergraduate-laboratory adaptations of landmark optical experiments on the fundamentals of quantum physics. Journal articles and websites give technical details of the adaptations, which offer students unique hands-on access to testing fundamental concepts and predictions of quantum mechanics. A selection of the original research articles that led to the implementations is included. These developments have motivated a rethinking of the way quantum mechanics is taught, so this Resource Letter also lists textbooks that provide these new approaches.
I. INTRODUCTION
Quantum mechanics is one of the most important physical theories of our times. With unparalleled accuracy and predictive power, it allows us to comprehend nature at its most fundamental level. At the same time, it forces us to sacrifice many of our deeply rooted beliefs. It maintains nonrealism: objects or systems do not have an inherent or defined reality; or indeterminism: once the initial conditions are set, the future properties and trajectories of quantum systems will be inherently unknowable. More strikingly, it predicts nonlocality: events in one location may instantly correlate with other events in a different location. At the heart of this conceptual challenge is quantum superposition and the interference of indistinguishable possibilities. Paraphrasing Niels Bohr: "Any one who is not shocked by quantum mechanics has not fully understood it."
Traditionally, one assimilates quantum concepts only after a thorough immersion in its mathematical architecture, with all of its elegance and abstraction. Strikingly, understanding the fundamental underpinnings is often avoided altogether, following the popular dictum: "Shut up and calculate." It is easy to become satisfied with calculating and not understanding, but this ignorance prevents the deeper understanding of the theory and its implications. Furthermore, mastering the fundamentals of quantum mechanics is essential in an era where technologies reach the quantum limit.
The traditional approach of learning quantum mechanics may be an unrealistic strategy for teaching undergraduates. How can we circumvent the mathematical formalism and still introduce the beautiful quirkiness of quantum mechanics in an intellectually honest and compelling way? How can we convince the student that those mathematical abstractions refer to reality?
Teaching materials and simulations can give the student a solid base for understanding quantum phenomena, but experimentation provides the decisive ingredient. Quantum mechanics predicts results that are hard to accept, and thus experiments and measurements provide the unquestionable evidence and the ultimate convincing power. The collection of works presented here concentrate on the conception, design, and execution of experiments that teach us about nature through the lens of quantum mechanics.
Experimental demonstrations of the fundamentals of quantum mechanics have a long history, but the pace has accelerated significantly in the last two decades, owing mostly to technological developments. Students in an afternoon can now recreate experiments that once were monumental achievements of research ingenuity and expertise, taking years of development. The importance of this lab experience is not what students do, but what they are prompted to ponder. We aim for students to say to one another: "Did we just measure that?" This is likely what those who originally performed the landmark experiments thought.
The technology uses light-a source of pairs of photonsthrough the process known as spontaneous parametric downconversion. In this process, a single photon is converted into a pair of photons that are correlated and entangled in subtle ways. These correlations fueled the landmark experiments of the past three decades exploring the fundamentals of quantum physics. Along with the advances in the research came technological developments that made undergraduate implementations feasible: packaged single-photon detectors, computerized electronics fitting in a single electronic board, and short-wavelength diode lasers that are also sold as pointers. Implementations use standard optical components (mirrors, beam splitters, polarizers, and other similar components) to manipulate the photon correlations and test fundamental quantum principles. In all, they simplify the apparatus to a setup that fits in a 2-ft Â 5-ft optical breadboard. Detectors outputting a digital pulse per photon detection and digital electronics make data acquisition relatively straightforward. One intrinsic advantage of these types of experiments is that the data are collected one quantum at a time-the same way that we understand the mathematics. Data can then be logged and graphed directly with no need for approximations or sophisticated analysis to understand the results. Thus, these experiments offer exciting new possibilities to teach introductory quantum physics, modern advanced-lab experiments, and novel approaches to teach quantum mechanics and quantum optics with a laboratory component. The experiments can also serve as excellent capstone research experiences, some of which can go beyond the teachinglaboratory expectations and conclude with results that get published in research journals-all within the curricular experience.
Section III cites articles that describe single-photon experiments adapted for use in undergraduate laboratories. These include proposals for teaching the physics of light and for using light to teach quantum physics. It also includes a section on demonstrations that use classical light sources.
Admittedly, instructors who are unfamiliar with optical instrumentation will be initially challenged by the requirement of precise alignment, but such start-up problems are readily overcome. To help initiate newcomers into the experiments with single photons, Sec. IV cites articles that address technical aspects of the apparatus. The payoff is that these experiments work well, not hinging on a specific physical condition that is hard to meet. They provide conclusive results that will stimulate undergraduates.
Section V provides references to original landmark experiments that inspired the undergraduate adaptations described above. Quite often, these research articles contain thoughtful or ground-breaking interpretations of the fundamental physics underpinning the experiments. Also included are articles describing experiments or ideas that may serve as seeds for future adaptations. While undergraduates can now easily measure violations of Bell's inequalities, it is not unreasonable to imagine that future students will be teleporting a quantum state across the laboratory.
Section VI is devoted to the evolution of strategies for teaching quantum mechanics. The advent of single-photon experiments has brought a revival in the way we teach quantum mechanics. For example, it now makes sense to begin with the Stern-Gerlach experiment and linear algebra, and move to the particle-in-a-box problem to later in the course. Accordingly, Sec. VI gives a list of textbooks that have appeared that teach quantum phenomena in new ways.
Finally, Sec. VII lists web sites that contain information for those interested in more experimental details or teaching materials of the experiments. These include tutorials, price lists, alignment techniques, and laboratory write-ups. See also Refs. 146 and 158 for accessible presentations of experiments in textbooks and websites, respectively.
II. JOURNALS

Advances in Atomic and
B. Thought experiments and proposals for teaching about photons and quantum mechanics
This section contains articles that are particularly useful in presenting quantum phenomena and how students learn about it. In performing fundamental experiments as teaching aids, it is important to learn about students' misconceptions and understanding. The language that instructors use can be misleading or outright incorrect. This article is an example of the type of research that also needs to be present for finding better ways to teach quantum phenomena. (E) 27. "Improving students' understanding of quantum mechanics via the Stern-Gerlach experiment," G. Zhu and C. Singh, Am. J. Phys. 79, 499-507 (2011). A study that focuses on the understanding of quantum mechanics via the Stern-Gerlach apparatus, which can be reenacted by photons going through polarizers. (I)
C. Demonstrations with classical light
This section lists experiments to illustrate quantum physics to small and large audiences. These experiments give the spirit of the quantum phenomena but use classical light sources. . This interferometer apparatus allows students to "hear" the photon signals as the degree of interference is varied or as one of the arms is blocked. It is not a proof of the interference of single photons with themselves because the light source (a laser) is classical and thus exhibits Poissonian statistics (that is, there is finite probability that two or more photons come together even if on the average, there is less than one photon going through the interferometer). (E) 34. "Young's double-slit experiment with single photons and quantum eraser," W. Rueckner and J. Peidle, Am. J. Phys. 81, 951-958 (2013). Presents a modern demonstration of quantum interference with light using a high efficiency digital camera that has recently become available, which is an excellent resource for illustrating interference and the collapse of the photon wavefunction into individual camera pixels. However, as with Refs. 31 and 33, the camera measures photoelectrons and not necessarily single photon events (even if that is likely the case) because it uses a classical source, a light-emitting diode (LED). (I)
IV. LABORATORY TECHNIQUES-APPARATUS NOTES
This section lists articles on techniques for performing photon experiments. They include ones on the fundamentals of the process; on successful experimental arrangements; and on other technical aspects such as corrections to imperfections in the optical system that degrade the fidelity of the quantum state that is produced. The articles include techniques that use both types of parametric down-conversion (type-I and type-II), with some emphasis on proposals that use the increasingly popular and inexpensive laser diode source at 405 nm. The articles explicitly present technical details and laboratory arrangements. Many articles and the websites listed in Sec. VII also give technical details within other contexts.
A. Parametric down-conversion
This subsection lists articles devoted to the process of spontaneous parametric down-conversion. Unless otherwise specified, they use the beta-barium borate (BBO) nonlinear crystal for the down-conversion process. Although all undergraduate experiments thus far use continuous-wave pump laser sources, the technology is advancing rapidly so that soon it may be possible to do demonstrations with pulsed sources. Type-I down-conversion has been the choice for implementations owing to its efficiency and conceptual simplicity, but new implementations may opt for type-II down-conversion. For example, imaging polarization entanglement with type-II down-conversion using sensitive cameras, which yields two nonconcentric but intersecting rings of photons, illustrates the mechanism of entanglement in a clear way. This section thus also includes technical aspects of type-II down-conversion. 
B. Sources and detectors
Most techniques presented in this Resource Letter use spontaneous parametric down-conversion, which requires a short-wavelength laser whose technology is now mature, so I do not list the original articles. At the other extreme, detecting single photons, which is not practical with photomultipliers owing to their low efficiencies at near infrared wavelengths, has been limited mostly to avalanche photodiodes, which are also commercially available. Until recently, single-photon-sensitive cameras have not allowed heralding (that is, using one photon to tag the other one), so it is not known whether individual pixels record one or more photons. New triggered cameras promise to change this. 
C. Electronics
Parametric down-conversion relies on coincident detection. This section lists articles that are useful in implementing low-cost coincidence circuits. 
V. ORIGINAL SOURCES AND INSIGHTFUL DISCUSSIONS
This section lists articles on the original landmark experiments that inspired undergraduate implementations, discussing their motivation and significance. I also list important experiments that can serve as the basis for further demonstrations. Given the subtleties that surround quantum phenomena and the propensity for misconceptions, I also list articles that have particular relevance for a deep understanding of quantum phenomena and the nature of light.
A. Parametric down-conversion
Parametric down-conversion is central to many experimental demonstrations. The articles in this subsection offer additional insights into this process, which is discussed analytically in many other articles, in particular, those listed in Sec. IV A. 
B. The photon
A discussion of quantum mechanics and complementarity leads unavoidably to photons and the nature of light. This is also a fundamental problem for teaching quantum phenomena, because light exhibits so vividly its irreconcilable wave and particle aspects. This section contains important and insightful articles on the photon. Quantum superposition and interference is at the heart of the mysteries of quantum mechanics. This section lists articles devoted to this topic that contain insightful discussions and conceptualizations. 
D. Entanglement
This section lists articles on entanglement and fundamental tests of quantum mechanics. 
VI. NEW TEXTBOOKS
The use of single photons in many recent demonstrations of quantum mechanics has led many authors to rethink the way we teach quantum mechanics. Thus, new textbooks have appeared that follow new approaches and sequences, moving entanglement and Bell's inequalities from the back of the book, the conventional approach, to the front of the book; or starting with bra-ket notation instead of the wavemechanical approach. In this section, I give a list of textbooks that provide these new approaches.
